Habituation to a novel environment (cross-shaped experimental chamber filled with water) was investigated in the crayfish Procambarus cubensis whose locomotor activity was recorded by a noninvasive ''optical'' technique. In the course of ten 30-min sessions, which were repeated twice a day for five days, the duration of an initial freezing reaction decreased, whereas there was no decrease in locomotor activity. The crayfish exhibited, however, a reduction of locomotor activity in the second session of the day, but this reduction did not carry over to the first session of the next day. In a second series of experiments, crayfish were placed in the same chamber for a single 5-hour session. As the session progressed, locomotor activity decreased to a level where animals were completely immobile. Tested the next day, these animals demonstrated less locomotor movements than in the beginning of the previous session. It is concluded that after short (30-min) exposures to a novel environment, crayfish can retained the information for at least four hours. Following a single 5-hour exposure, retention increases for at least 24 hours. Some similarities and differences in the behavior of the crayfish and rats in the ''open field'' are discussed.
In experiments on the elaboration of conditioned reflexes in mammals (dog, cat, rat, etc.) , there is usually a preliminary stage-habituating the animal to the experimental conditions, particularly, to the experimental chamber. The aim of this procedure is to adapt the animal to factors that will interfere with subsequent training. Such an approach is seldom used in similar experiments on invertebrates. Although habituating discrete repetitive stimuli is a rather popular topic in the invertebrate learning literature (Abramson, 1990 (Abramson, , 1994 Rose and Rankin, 2001) , there are few such studies using crustaceans (Maldonado et al., 1997; Pereyra et al., 2000; Dimant et al., 2002) , and even less that focus on habituating crustaceans to a novel environment (Basil and Sandeman, 2000; Li and Cooper, 2001) .
In contrast to studies of habituation, Pavlovian, instrumental, and operant conditioning has been studied in crustaceans, including crayfish. Much of the early work on crayfish learning was performed with the goal of understanding the neural correlates of learning (Krasne, 1973) . Recently, the crayfish has been reintroduced into the learning literature by using traditional paradigms such as Pavlovian conditioning and latent inhibition to study how crayfish use cues to avoid predators (Acquistapace et al., 2003; Hazlett, 2003) . Our work described in this paper continues the attempt to reintroduce the study of crayfish behavior into the traditional learning literature.
Previously we investigated the behavioral reactions of crayfish, Procambarus cubensis, to short bursts of illumination and to alternating electromagnetic fields. It was noted that a rather high (compared to the activity in the home tank) level of locomotor activity was maintained in several experiments on the same animal (Shuranova and Burmistrov, 1994) . However, these studies did not deal specifically with habituation to the experimental situation.
The present series of experiments investigated the ability of crayfish to habituate when placed in a novel environment that differed considerably from its home tank. In addition to providing data on habituation, we study its time-course and retention. A detailed behavioral description is also provided.
We believe our study is important for several reasons. First, there is little data on habituation in unrestrained crayfish. Such studies are important in preparation for formal work on learning in free-behaving animals. Second, we believe that crustaceans, and crayfish in particular, offer a unique opportunity to study complex behavior in an invertebrate that can be compared to vertebrates. The comparative psychological approach is a powerful strategy but is seldom applied to complex behavior of an invertebrate (Abramson, 1997) . Third, anecdotal evidence suggests that crayfish do not accept food when placed in a novel environment. Experiments investigating how crayfish habituate to a novel environment take on added significance because of the importance of crayfish in aquaculture (Provenzano, 1985) .
MATERIALS AND METHODS
The experiments were carried out on young (2-5 months, length from rostrum to telson 32-45 mm) crayfish Procambarus cubensis (Erichson). This species is native to Central America (Hobbs, 1984) and was introduced to Moscow (Russia) in the 1970s (Vershinina, 1983; Shuranova and Burmistrov, 1988) . The ancestors of the animals that we used in these experiments were purchased at the Moscow ''bird'' market several years ago. Males and females were used and taken from the same brood within a long-established laboratory population. At the age of about 1.5 month, the crayfish were taken from their home aquarium and placed in individual, small (diameter of 17 cm) round tanks whose floors were covered with sand and gravel (water level was about 4-5 cm). The animals were fed 1-2 times a week with live mosquito larvae or turbiform worms. Their diet was supplemented with a variety of vegetables and cereals. They were maintained under room temperature (18-228C) and an artificial light cycle (dark from 20:00 to 8:00 hours).
Experimental Chamber and Data Processing
The cross-shaped, uniformly illuminated experimental chamber was constructed from thick plastic material. It was filled with water, and the bottom was covered with a layer of fine sand. It consisted of a central square (65 3 65 mm 2 ) and four arms (length 145 mm each) (Fig. 1, top) . In the walls of each arm, two pairs of recording channels were situated. Each channel consisted of an infrared light diode AL107B (10 mW, k 0.9-1.2 mm) and a high-sensitive photo-transistor (1.2 3 1.2 mm 2 , S 1 int not less than 0.8 mA/lx) (''optical channels'' 1-8 on the scheme, Fig. 1, top) . The distance between neighboring optical channels was 55 mm; therefore, we used animals less than 45 mm in length. The placements of the photocells and detectors did not permit an analysis of crayfish movement within the central square or at the end of the arms. To acquire such data a video camera (Panasonic VHS-C) and monitor were used. The rationale behind the use of a cross-shaped chamber as opposed to a rectangular or circular chamber was because recording movement in a rectangular or circular chamber of normal volume was found to be unreliable. The use of a cross-shaped chamber was a compromise between the desire to have a rather large volume and the need for reliability.
A computer program marked the instances corresponding to an approach of the crayfish to one or the other sensor and leaving it. The data were visualized by a commercial graphics program following the experiment (Data Analysis and Graphics System, OriginLab Corp., Northhampton, Massachusetts, U.S.A.). This program allowed us to gather data on: 1) the total number of movements, 2) movements of the animal over time ( Fig. 1,  bottom; Fig. 2) , and 3) time spent in each arm. Repeatedly activating the same sensor was considered as a single movement. This would often occur when an animal remained near the vicinity of a sensor. An additional computer program documented all of the sensors crossed by the crayfish, unrelated to time (Fig. 1, bottom) ; thus, it was easy to obtain, in compressed form, the trajectory of a crayfish walking in a given experiment. We supplemented the sensor data with detailed behavioral observations using a video camera and monitor. All statistics (t-tests and regression analysis) were performed using a commercial statistical program (Statistica 6.0 by StatSoft, Inc. Tulsa, Oklahoma, U.S.A.).
Procedure
Two main series of experiments were conducted. These were defined as ''chronic'' and ''acute.'' In the chronic series, a crayfish was placed in the experimental chamber for 30 min twice a day. The intersession interval was 4 h. The experiment was carried out over five subsequent days for a total of 10 habituation sessions. Each animal in this series received a total of 5 h of habituation training. The time between the first sessions of the subsequent days was 24 h. The rationale behind this design was that it permitted two ways to assess retention. First, retention was assessed within a day by comparing activity from the first daily session to the second daily session run four hours later. Second, retention was assessed by comparing the activity from the first session of the day to the first session of the following day. These sessions were separated by 24 h.
In the acute series of experiments, a crayfish was placed in the experimental chamber for a single 5-h long training session, and 24 h later these animals were retested in order to assess retention. Our rationale for including an acute series of experiments was to determine whether a single long exposure produces effects different from several shorter exposures.
Ten animals (five females and five males) were used in each series for a total of 20 animals. Following a training session, the water in the experimental chamber was completely renewed. The experiments were conducted in a sound-proof room, during the day (12:00-20:00 h). The illumination level of the experimental room was 50-60 lx, and the water temperature was 18-228C. The experiments were conducted in Moscow from November 2002 through March 2003.
RESULTS
The behavior patterns of the crayfish following introduction to the experimental chamber were very diverse. A crayfish placed within the central square usually jumped quickly (forwards or backwards) into any one arm. On its way, it crossed one sensor situated at the beginning of the arm, or a pair of sensors, and stopped at the end of the arm. Then it became immobile for a period. The duration of the immobility varied widely among animals (from 30 sec up to 30 min) (see, e.g., Fig. 2 : after the crayfish crossed quickly the fifth and sixth sensors, it was immobile more than ten minutes). In the course of ''chronic'' sessions, the duration of this initial immobility decreased (Fig. 3, top, left) , and its value at the third and fifth day was significantly less in comparison to the first day (paired t-test, P , 0.05).
As the session progressed, the crayfish began to walk from one arm to another. It moved mostly forwards but occasionally backwards. The trajectory of walking was variable, but usually they moved along the walls and, after reaching the end of an arm, would spend a long time being completely immobile or moving their walking legs but without displacing the body. Then they would turn and go in another direction. Most often the crayfish would changed the direction of walking; only rarely during subsequent activity would they move all the time in the same direction. Having reached the corner between the neighboring arms, the crayfish usually continued to move near the wall and crossed the next ''odd'' and later ''even'' sensor (see, e.g., Fig. 1 , bottom: the crayfish entering an arm through the fifth sensor went further to the sixth, and then returned; displacements from an ''odd'' sensor to another one were more rare, and they included mainly the neighboring sensors [5-7, 7-1, 1-3, 3-5, 5-3, 3-1] . Only twice in a 30-min trial did the crayfish cross the central square [1-5, 5-1]). We further observed that crayfish moved with widely extended claws. Simultaneously, they scanned the area vigorously with movements of the antennae. When moving parallel to a wall, they usually touched it with the claw closest to the wall. If they moved in such a way that there was sharp angle between their body and a wall, they touched the wall with both claws. Having reached the end, they always explored both corners, one after other, often standing on the telson and lifting the claws. When the crayfish began to move slowly or stopped, they would dig into the sand covering the bottom of the chamber with the second and third walking legs.
The number of movements in the experimental chamber as recorded by the sensors varied in different animals, both in the first and subsequent sessions. In two crayfish, there were no movements during the first or second sessions, whereas in two other animals there were 75 and 100 movements during the same 30-min period. The average number of movements during the ten sessions varied in different animals from 17.1 6 3.2 up to 107.7 6 11.9. There is a positive correlation (r ¼ 0.75) between the number of movements in the first session and average number of movements in subsequent sessions.
Locomotion was investigated for each crayfish within and across sessions. Only two animals demonstrated a decrease in the number of movements during the second session when compared to the first session conducted four hours previously. In subsequent sessions, however, no consistent change in the number of movements was revealed for these or other animals. Regression analysis showed that only in one animal was there a negative slope of the linear regression function. Other animals demonstrated a positive slope (i.e., their number of movements per trial increased over sessions). On average, the number of movements per session tended to increase relative to that at the first session (Fig. 3,  top, right) . After the third session, the number of movements began to decrease slightly but still remained higher than at the first session. There also was a difference in time course of this index at the first and fifth day of training (Fig. 3, bottom) . It is seen that on the first day, the number of movements was similar during three subsequent 10-min periods (r ¼ -0.1279, P ¼ 0.5006), whereas it decreased significantly during the fifth day (r ¼ -0.5086, P ¼ 0.004).
To look at retention, we compared the performance of the two daily sessions across the five days of training. These sessions were separated by four hours. For ease of analysis, Fig. 2 . Sequence of crossing the ''optical channels'' in a first 30-min session. Up-directed vertical bars correspond to approach of the crayfish to a channel, and down-directed bars correspond to leaving a channel by the crayfish. Note a long (more than 10-min) absence of movements at the beginning of a session. the 10 sessions of training were divided into ''odd'' (i.e., session 1, 3, 5, 7, 9) and ''even'' sessions (i.e., 2, 4, 6, 8, 10). For example, on the first day of training, animals received sessions 1 and 2. The second day of training consisted of sessions 3 and 4. The results show that for each day of training, the number of movements in ''even'' sessions were less than in the ''odd'' sessions though the difference is significant only in the third and fifth days (Fig. 4, top) . The distributions describing the number of movements per 10 min are different for averaged ''odd'' and ''even'' sessions ( Fig. 4, middle ; P , 0.0001). Some difference also exists in the time course of this index in ''odd'' and ''even'' trials: a decrease in the number of movements during 30 min was more marked in the ''even'' sessions (r ¼ -0.35, P ¼ 0.00002), whereas it was almost absent in ''odd'' sessions (r ¼ -0.17, P ¼ 0.036; Fig. 4, bottom) .
In the ''acute'' series of experiments, the number of movements did not change significantly during the first 30 min but began to decrease gradually during the second half of the hour. During subsequent hours, movements continued to decrease, and at the last 30 min of the 5-h session, no movements were recorded (in 60% of the animals, no movements were observed during the last two hours). The averaged time course of this index may be described by an exponential model (r ¼ -0.7380, P , 0.0001; Fig. 5, top) . When tested in the experimental chamber the next day (24 hours after the beginning of the 5-h trial), the same crayfish demonstrated a reduced number of movements (34.37 6 6.6 versus 50.12 6 5.3 movements/30 min; paired t-test, P ¼ 0.0015).
DISCUSSION
From a physiological point of view, the experimental procedures used in this study represent a version of the open-field test applied to the crayfish (Walsh and Cummins, 1976) . Though the shape of the experimental chamber used in our experiments differs from the more common circular or rectangular pattern, we chose it in order to record noninvasively the locomotor activity of the crayfish. It is quite possible that the cross shape could influence crayfish behavior in such a way that they would spend a lot of time at the corners. This might affect the number of movements per trial but not the temporal course of the habituation to a novel environment.
Crayfish living separately in rather stable external conditions are known to have an extremely low level of motor activity during the day. The main effect of placing the crayfish into a novel environment was a strong increase in their locomotor activity as compared to that in their home tank. Behavioral observations of crayfish show that intact Procambarus cubensis, like blind-folded Cherax destructor (Basil and Sandeman, 2000) and blind cave crayfish Orconectes australis packardi (Li and Cooper, 2001) , explore a novel environment.
Curiously, blind crayfish appeared to begin their walking just after they were placed in a novel tank, whereas the crayfish in our experiments demonstrated complete immobility preceding exploratory activity. Similar behavior in a novel environment is described in many studies with rats (Whimbey and Denenberg, 1967; Silverman, 1978; Bures et al., 1983) and is commonly referred to as freezing (Walsh and Cummins, 1976) . There is, however, a great difference in the duration of the freezing reaction in rats, where it is measured by seconds, and in crayfish, where it could last up to 30 min. ''even'' (2, 4, 6, 8, 10) and ''odd'' (1, 3, 5, 7, 9) sessions, and difference between them. Middle: Histograms of the number of movements in ''odd'' (white columns) and ''even''(black columns) and normal approximation of number of movements/10 min for ''odd'' (solid line) and ''even'' (broken line) sessions. Bottom: Scatterplots and linear regressions describing time course of ''odd'' (solid line) and ''even'' (broken line) sessions. There are many (about 30) parameters used for describing the behavioral and physiological functions of rats in an open-field (Walsh and Cummins, 1976) . One of our more unique findings is that the behavior of crayfish placed in a novel environment may be more complex than first imagined. The main movement is forward-directed walking to different parts of the chamber combined with movements of the claw(s), antenna (e), and possibly other small appendages. These behaviors may represent active exploration of a novel space. At the same time, the crayfish demonstrate short backward and sideways jump-like movements indicating the possibility of ''fear.'' Probably this is not ''a state'' of fear elicited just after placing the crayfish in a novel environment but rather short episodes of fear that could be evoked by various external or internal cues. There is also a tendency to avoid a novel environment and engaging in a behavior that is best described as ''standing up on its tail.'' At the first sight, this may be an indication of a deficit of oxygenation in the chamber. However, we have worked with Procambarus cubensis for about 20 years and have used this animal precisely because it has low requirements to various external conditions (Burmistrov and Shuranova, 1996) . As distinct from the native European crayfish, Astacus sp., it lives well, for example, at room temperature (18-228C, and even up to 308), can live in shallow water (4-5 cm), and does not require oxygenation. As was noted above, our crayfish lived in individual tanks (17-cm diameter) that had less volume than the chamber used in our experiments. The water in their home tanks was changed once every 2-3 weeks, and the animals never showed signs of oxygen deficit. Many individuals in our laboratory have lived for 5-6 years. Our experience working with this crayfish suggests that this ''standing up'' is not caused by a deficit of oxygen. We suggest that this behavior may be functionally similar to ''rearing'' behavior in rats where it is treated as a component of exploratory behavior. Crayfish are known to be able to climb vertical surfaces, and often they use this ability to escape from any closed space. It may be suggested that in our experiments these movements were an indication of the exploration with a tendency to escape.
Thus, although in these experiments we could not obtain direct data about the influence of a novel environment on the emotional state and vegetative functions, there is some evidence in favor of such a possibility. The initial freezing reaction points to a stressed state of the crayfish when placed in an unfamiliar situation. This state results in vegetative reactions, such as an increase in defecations (our observations) and urination (Breithaupt and Eger, 2002) . The heightened level of activity of the cardiovascular and ventilatory systems, though not measured in these experiments, is known to correlate with increased motor performances in crayfish and other decapods (Taylor, 1982; Gribble and Broom, 1996; McMahon, 2001; Shuranova and Burmistrov, 2002) .
It is widely accepted that placement of an animal in a novel environment results in the appearance of exploratory behavior which, however, is inhibited by fear-evoking conditions. These two tendencies are seen in our experiments though their temporal characteristics, as mentioned above, differ greatly from those in experiments on rats. In the course of training, the duration of the initial immobility significantly decreased. This suggests that the crayfish gradually habituated to the removal from its home tank, the transfer into the experimental chamber, and in some degree to the novel environment itself. It should be noted, however, that this process took place over several days of training.
Interestingly, the amount of freezing decreased over the 10 training sessions but the number of locomotions did not. A slight tendency to reduce movement was noted only after eight sessions (i.e., the fourth day of training), but even on the fifth day the number of movements was higher than at the first day. Comparison of ''odd'' and ''even'' trials showed that the crayfish habituated, to some degree, to the experimental chamber, but it retained the memory about the chamber for about four hours. Memory of the novel environment was better in crayfish exposed to a single 5-hour session.
This result seems strange in comparison to similar experiments with rats (Titov and Kamenski, 1980; Stemberg, 1982; Kamenski and Saveljeva, 2002) and with experiments on blinded crayfish (Basil and Sandeman, 2000) . In the latter case, the locomotor activity was reduced after the first 40-min and continued to decrease in subsequent sessions that were separated by 24 h. This discrepancy in our results with those by Basil and Sandeman may be explained by such differences in experimental design as the shape and size of the experimental chamber, species of crayfish, session length, etc. We believe, however, that the difference is most probably caused by our use of crayfish that were allowed to use their visual system (i.e., we did not blind-fold our crayfish).
In fact, there is good evidence that crayfish explore a novel environment not by gross movements but by their antennae interpreting tactile cues (Sandeman, 1990; Basil and Sandeman, 2000) . The use of tactile cues suggests that crayfish do not need their eyes to orient in a chamber which contains neither rewarding nor dangerous features. The crayfish has, however, a highly developed visual system containing both peripheral (compound eyes) and central (optic lobes of the brain) features. There is good evidence that crayfish use their visual system in defensive or threatening situations, but not much is known how crayfish use their visual system in nonaversive situations such as in the habituation of novel environments.
We suggest that unsighted crayfish explore an environment to find something, and it stops exploring if there is nothing attractive. The intact crayfish may have another motivation for their exploratory activity: they explore a novel chamber to find an exit. We cannot underestimate the fact that the crayfish-even Procambarus cubensis, which were introduced in Moscow in the 1970s and since that time have lived in aquaria-are not domesticated animals. Based on our many years of observations, we think that one of their main motivations is a desire to escape (they do this whenever possible). The experimental chamber used in these experiments (as other variants of the so called open field) is in fact a cell. Thus, the long duration of exploration of the crayfish in our experiments may be caused by a motivation that probably never extinguishes in wild animals.
